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Available online 31 August 2019Human saliva, a seemingly simple aqueous ﬂuid, is, in fact, an extraordinarily complex biocolloid that is not fully
understood, despite many decades of study. Salivary lubrication is widely believed to be a signature of good oral
health and is also crucial for speech, food oral processing and swallowing. However, saliva has been often
neglected in food colloid research, primarily due to its high intra- to inter-individual variability and altering ma-
terial properties upon collection and storage, when used as an ex vivo research material. In the last few decades,
colloid scientists have attempted designing model (i.e. ‘saliva mimicking ﬂuid’) salivary formulations to under-
stand saliva-food colloid interactions in an in vitro set up and its contribution onmicrostructural aspects, lubrica-
tion properties and sensory perception. In this Review, we critically examine the current state of knowledge on
bulk and interfacial properties of model saliva in comparison to real human saliva and highlight how far such
model salivary formulations canmatch the properties of real human saliva. Many, if not most, of thesemodel sa-
liva formulations share similarities with real human saliva in terms of biochemical compositions, including elec-
trolytes, pH and concentrations of salivary proteins, such as α-amylase and highly glycosylated mucins. This,
together with similarities between model and real saliva in terms of surface charge, has led to signiﬁcant ad-
vancement in decoding various colloidal interactions (bridging, depletion) of charged emulsion droplets and as-
sociated sensory perception in the oral phase. However, model saliva represents signiﬁcant dissimilarity to real
saliva in terms of lubricating properties. Based on in-depth examination of properties ofmucins derived from an-
imal sources (e.g. pig gastric mucins (PGM) or bovine submaxillary mucin (BSM)), we can recommend that BSM
is currently the most optimal commercially available mucin source when attempting to replicate saliva based on
surface adsorption and lubrication properties. Even though puriﬁcation via dialysis or chromatographic tech-
niques may inﬂuence various physicochemical properties of BSM, such as structure and surface adsorption, the
lubricating properties of model saliva formulations based on BSM are generally superior and more reliable
than the PGM counterpart at orally relevant pH. Comparison of mucin-containing model saliva with ex vivo
human salivary conditioningﬁlms suggests thatmucin alone cannot replicate the lubricity of real human salivary
pellicle. Mucin-based multi-layers containing mucin and oppositely charged polyelectrolytes may offer promis-
ing avenues in the future for engineering biomimetic salivary pellicle, however, this has not been explored in oral
tribology experiments to date. Hence, there is a strong need for systematic studies with employment of model
saliva formulations containingmucinswith andwithout polycationic additives before a consensus on a standard-
ized model salivary formulation can be achieved. Overall, this review provides the ﬁrst comprehensive frame-
work on simulating saliva for a particular bulk or surface property when doing food oral processing experiments.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Keywords:
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Saliva secreted by the salivary glands, is one of the most important
bodily ﬂuids that enables maintaining oral and general health [1].
Besides oral lubrication, microbial defence functions, saliva plays an
important role in the transport of food from the oral cavity to the oe-
sophagus and stomach, buffering action andwater balance. The compo-
sition and properties of saliva varies signiﬁcantly depending on the
salivary glands from which the saliva is secreted, cardiac rhythm as
well as age, gender, diet, medicines, and type of stimulations, such as
chewing, citric acid etc [2,3]. Adults generally secrete about 0.5–1 L of
saliva on a daily basis, of which 80% is associatedwith food oral process-
ing [4]. Besides acting as a solvent for the ﬂavours and tastants present
in the consumed foods, the physicochemical and biochemical interac-
tions (e.g. electrostatic, ionic, enzymatic) of saliva with food structure
at colloidal to nano-scale can inevitably inﬂuence the taste, texture,
mouthfeel and sensory appreciation [5–11].
Saliva is a complex ﬂuid that possesses intriguing material proper-
ties, such as low viscosity with excellent lubrication properties, which
engineers can only envy. Such properties are postulated to be associated
with the complex internal structure of saliva across length scales, which
has remained poorly understood and controversial to date, though the
ﬁrst hypothesis about the presence of structural components in saliva
dates back to 1908 [12]. The combined ﬂuid present in oral cavity is con-
ventionally described as “whole saliva”, “mixed saliva” or “oral ﬂuid”.
Whole saliva is a clear, slightly acidic (pH ranging from 6.24–7.36) exo-
crine secretion contributed by different salivary glands located all over
the oral cavity [13–15]. Although saliva is an aqueous dispersion with
99% continuous phase, the presence of ~0.3 wt% mucin, a high-
molecular-weight (0.5–20 MDa) anionic glycosylated protein is often
claimed to render saliva its rheological (viscosity, elasticity, stickiness),
unique water-holding and lubrication properties [2,5,6,16,17].
Beyond bulk saliva, the signiﬁcance of the absorbed layer of saliva i.e.
the “saliva pellicle” on oral lubrication [18,19] has been recently appre-
ciated. Salivarypellicle is a supramolecularﬁlmwith a complex architec-
ture predominantly formed by salivary proteins on enamel or mucosal
surfaces [20]. It is hypothesized mucin multilayer networks are formed
by complexation ofmucins on their own aswell as in synergistic combi-
nation with other salivary proteins yielding a hydrated lubricating sali-
vary pellicle [21–23], however, the true structure of salivary pellicle
has remained still elusive. The advancement of saliva research ﬁeld has
accelerated over the last fewdecadeswith the advent of novel quantita-
tive approaches, such as high performance liquid chromatographic and
mass spectrometric techniques, proteomics, genomics and bioinformat-
ics allowing a systematic biochemical characterization of numerous cel-
lular, organic and inorganic components in saliva. Many of these
components can act as biological markers that may be used in the
early detection and monitoring of oral and general disease, suggesting
the enormous potential of saliva as a non-invasive diagnostic tool [4].In particular, saliva research has gained signiﬁcant momentum in
food colloids community due to the recognition of role of saliva in oral
tribology i.e. studies involving friction, lubrication and wear occurring
in mouth [17]. Indeed, ex vivo experiments using real human saliva
are often limited by the inter- and intra-individual variability, ethical
constraints and instability upon collection and storage [2]. Therefore, at-
tempts have been made to design simple saliva-mimetic ﬂuids that can
simulate the ionic and enzymatic composition of human saliva which
have generated useful fundamental insights on electrostatic and bio-
chemical interactions of food with saliva [5,6,8,9,11,24–29]. Many, if
not most, of these model saliva formulations have used commercially
available pig gastric mucin (PGM) with few formulations employing
bovine submaxillary mucin (BSM) as a substitute for salivary mucins.
Although the presence of mucins can enable matching the viscosity of
real human saliva under orally-relevant shear rates [25], they have
been largely unsuccessful in contributing to other material properties
of real saliva, such as lubrication and elasticity. It is worth noting that
a fundamental understanding of structure-property relationships in
real human saliva is crucial, before a true blueprint can be developed
to guide the formulation and design of a standardized model saliva for
in vitro oral processing experiments.
Renewed research interests in understanding saliva is also driven by
the attempts to provide sustained therapies for population suffering
from ‘Xerostomia’, which is clinically deﬁned as a subjective complaint
of “dry mouth”. The currently available salivary substitutes that are
commonly used by dry mouth patients are composed of thickeners,
such as carboxymethyl cellulose, xanthan gum [30,31], that are far
from the composition of real human saliva. Not surprisingly, these sali-
vary substitutes are sub-optimal in replicating the lubricatingproperties
of saliva and thus only give a symptomatic relief with short-lived
wetting effects in patients suffering from xerostomia [32–34].
Some researchers have indicated that the key issue of using salivary
substitutes in xerostomia management is the insufﬁciency of such
formulations to form an effectively adsorbed salivary pellicle on oral
surfaces [35].
Since Decher [36] revealed the “layer-by-layer assembly” research in
the early 1990s, this novel approach has gained substantial attentions in
designing in vitromucoadhesion experiments and salivary substitutes.
The multilayer ﬁlms that may be relevant for salivary substitutes are
the ones built by depositing alternative layers of anionic molecules of
mucins derived from various animal sources, such as PGM and BSM
and cationic molecules on a charged substrate. The charge, porosity,
thickness and other ﬁlm properties of multilayers can be tailored by
careful selection of the cationic polymers [37]. These mucin multilayer
networks are showing early promises for engineering a biomimetic sal-
ivary pellicle [38], with few of those electrostatiically-driven networks
being also studied for their lubricating properties [39,40]. Progress on
saliva research has been well-described in other excellent reviews
[2–4,13,19,41,42], summarizing the oral biology, biochemistry,
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exists no review that has discussed the structure and properties of sa-
liva, whether being present in bulk or in adsorbed phases, to speciﬁcally
understand the fundamental similarities and dissimilarities between
real saliva and engineered model saliva formulations.
Hence, this review aims to provide a well-balanced, systematic syn-
thesis of recentworks aimed at understanding saliva fromboth bulk and
interfacial standpoints and comparing them with engineered bulk
model saliva and mucin-based structure, respectively. Firstly, we dis-
cuss the multiscale structures and rheological properties of real
human saliva in bulk phase to clearly highlight what is understood so
far. Then, we have examined the model saliva formulation highlighting
their similarities and differences to real human saliva. Although, high
elongation viscosity of saliva is an important aspect of real human saliva
[43], particularly relevant for swallowing action, we have not covered
this aspect owing to scant literature in extensional rheological
characterization of model saliva formulation. In addition, we have only
focussed on model saliva formulations in literature that have
some similarities in their biochemical composition to real human
saliva with respect to ions and salivary proteins. Artiﬁcial saliva
formulations, such as glycerine-containing Biotène®-OralBalance,
carboxymethylcellulose-containing Luborant®, polymer-coated lipo-
somes that are speciﬁcally designed as salivary substitutes for xerosto-
mia or hyposalivation patients containing no salivary proteins
[32–34,44] are beyond the scope of this review.
Speciﬁcally, we have conducted an in-depth examination of the
structural, physicochemical and lubrication properties of commer-
cially available mucins from animal sources (PGM and BSM) that
are used in those model formulations. This insight will enable us to
identify the types and degree of puriﬁcation of mucins that should
be used in in vitro oral processing experiments and to discuss their
limitations when attempting to replicate the lubrication properties
of real human saliva. Following the discussion on properties in the
bulk phase, we critically analysed the structure of salivary pellicle
present in the adsorbed phase and its role on oral lubrication. Lastly,
we have analysed the mucin-adsorbed layers as well as brieﬂy
discussed the mucin-based multi-layer approaches in literature,
which might be promising in future for engineering biomimetic sal-
ivary pellicle. To our knowledge, this is the ﬁrst review that serves as
a preeminent source of fundamental knowledge on colloidal aspects
of real and model saliva. In addition, this review highlightsTable 1
Abbreviations and symbols.
AES Anion exchange chromatography
AFM Atomic Force Microscopy
BOAS Beads-on-a-string
BSM Bovine submaxillary mucin
CLSM Confocal laser scanning microscopy
LbL Layer-by-layer
G′ Elastic modulus
G″ Viscous modulus
MTM Mini traction machine
MUC5B High-molecular-weight mucins
MUC7 Low-molecular-weight mucins
PDMS Polydimethylsiloxane
PGM Porcine gastric mucin
PRP 1 Proline-rich protein 1
SEM Scanning electron microscopy
sIgA Secretory immunoglobulin A
TEM Transmission electron microscopy
θw Water contact angle
β-lg β-lactoglobulin
μ Friction coefﬁcient
η Viscosity
η0 Zero-shear viscosity
γ Surface tension
γs Total surface free energy
ρ Densitykey principles to underpin engineering of biomimetic saliva (bulk
+ adsorbed phase) in the future for performing standardized
in vitro oral processing experiments. Table 1 lists the abbreviations
used in this review.
2. Bulk saliva− structure and rheological properties
2.1. Human saliva
The complexity of saliva has captured the attention of many re-
searchers from various disciplines. Bulk saliva is postulated to contain
several phases that simultaneously coexist including non-Newtonian
weak gel-like phase, air dispersed in continuous ionic aqueous phase,
as well as a typical colloidal system including globular micelles, epithe-
lial cells, lipoidmaterials dispersed in an aqueousmedia [1,6,45,46].We
have observed centrifuged fresh unstimulated human saliva usingmac-
roscopic imaging, confocal laser microscopy (CLSM) and cryo-scanning
electronmicroscopy (cryo-SEM) at differentmagniﬁcations (Fig. 1A-D).
The CLSM image allows the visualization of saliva (Fig. 1B) without any
freezing step and shows some dense areas of micron-sized aggregates
(in red) dispersed in aqueous medium, which was also seen previously
[2]. Such aggregates dyedwith Rhodamine Bmust be proteinaceous and
can be considered to be associated with homo- or hetero-typic oligo-
mers to heteroprotein complexes of mucin-mucin or mucin-other
small molecular salivary proteins associated via ionic forces (e.g. Na+,
Ca2+ ions), electrostatics interactions, hydrogen bonding, and/or hydro-
phobic interactions.
However, the CLSM images did not show any classical network-like
structure of saliva, as was clearly evident at a lower length scale using
cryo-SEM (Fig. 1C). This is in agreement with previous literature
[2,47,48], where CLSMwas unable to probe into the ‘50-200 nmsalivary
protein threads’ as visible in the cryo-SEM images (Figs. 1C-D). This
weak gel-like structure of saliva has been attributed to a hydrogel
formed by highly glycosylated mucins (MUC5B) involving a complex
set of charge-mediated carbohydrate-carbohydrate interactions,
calcium-induced crosslinks, disulphide bonds and hydrophobic interac-
tions) [45,49,50]. Interestingly, globular structures of nearly 100–
500 nm (Fig. 1C, shown by arrows) were evident that created some
sort of knots in the otherwise web-like network. These have been
termed previously as “salivary micelles” [51–53] that contained mucins
(MUC7) and other salivary proteins, such as secretory immunoglobulin
A (sIgA), lactoferrin, amylase, proline-rich protein (PRP) and lysozyme
[54]. The fact that MUC5B is a protagonist in gel forming property of sa-
liva was not evident in these micelles [54]. The zeta-potential of saliva
micelles has been reported to range from −13 to −17 mV [51],
highlighting the important role of anionic proteins such as mucins con-
taining sialic acid (pKa ∼ 2.6) and sulfate groups (pKa b 1) [55],
overshadowing the quantitative charge contribution of the cationic pro-
teins, such as lysozyme (pI ~11) [56] and lactoferrin (pI ~8.5) [57] at
neutral pH. Existence of micelles in saliva has been compared to casein
micelles inmilk, however, the exact structural organization of these sal-
ivary micelles and their roles in material properties of saliva have
remained elusive to date.
The structure of saliva at four-times higher magniﬁcation (Fig. 1D)
appears to be highlywoven network interconnected by threads, corrob-
orating with the visual image showing some degree of stretchability
(Fig. 1A). Interestingly, the average values of material properties of sa-
liva, such as, density (ρ ∼ 1000kgm−3) and zero-shear-rate viscosity
(η0 ∼ 1 mPa.s) are comparable to that of water [2,58]. The surface ten-
sion of saliva is lower than water (γ ∼ 50mNm−1), which suggests the
presence of some surface active salivary proteins [59]. In addition, un-
like Newtonian water, saliva is a non-Newtonian ﬂuid that elongates
to form long-lived “beads-on-a-string” (BOAS) morphology (Figs. 2A
and B) i.e. a ﬂuid necklace containing intermittent pattern of beads
laced up together [60]. Interestingly, the lifespan (tc) of the thread of sa-
liva (with an initial radius R of ~ 1mm) has been calculated to be
Fig. 1. Multi-scale images of fresh unstimulated human saliva after centrifugation with
macroscopic image (A), confocal laser scanning image (CSLM), where salivary proteins
are stained red using Rhodamine B (B), and cryogenic-scanning electron micrographs
(cryo-SEM) at 20,000 × (C) and 80,000 × (D) magniﬁcation, respectively. The black
arrows indicate the globular salivary micelles. Human saliva (A-D) was collected from
healthy participants (n = 15 participants) in the morning, at least two hours since
eating and drinking (Ethics number: MEEC 16–046, University of Leeds, UK), pooled and
was centrifuged at 4,400 rpm for 3 min and the supernatant was used for microscopic
imaging.
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tc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρR3
γ
s
≈ 4ms

[60], but may be smaller than that of Newtonian
viscous threads, such as honey that scales with viscosity

tv ¼ ηoRγ

.
However, such Newtonian viscous threads do not form a long-lived
BOAS structure like saliva. The role of the different forces in the dynam-
ics of thinning and break-up of these thread-like ﬁlaments is given pri-
marily by two dimensionless parameters: the Ohnesorge number
ðOh ≡ tv

tc
¼ no=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρRγ
p
Þ, which represents the ratio of viscous to inertial
forces (when the characteristic velocity scale is set as equal to R/tc),
and the Deborah number (De ¼ λ

~tÞ, which represents the ratio of theig. 2. Properties of human saliva i.e. forming a ‘beads-on-a-string (BOAS) morphology
hen a drop of saliva is stretched between a thumb and foreﬁnger (A), with schematics
f viscoelastic ﬁlaments exhibiting different BOAS morphologies (B), viscosity values of
uman saliva at various shear rates, where US is unstimulated saliva; SW is stimulated
liva (n = 30 participants) (C), and friction coefﬁcients of unstimulated or stimulatedF
w
o
h
sa
saliva when sheared between pig's oesophagus and tongue surface at sliding speeds
ranging from 0.7 to 9.8 mm/ s (D), respectively. In case of stimulated saliva, mechanical
stimulation was achieved by chewing a 5 cm × 5 cm piece of Paraﬁlm®. Images (A) and
(B) [60], (C) [66] and (D) [68] in the panels are reproduced with permission.
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time~t. For saliva, themechanism of BOAS phenomenon has been attrib-
uted to this subtle balance between capillary, viscous, elastic and ﬂuid
inertial forces. The dynamics of this bead formation can alter dramati-
cally if any of these forces becomes dominant over the others.
Besides such intriguing rheological properties, bulk saliva enhances
the wettability of the otherwise hydrophobic oral surfaces [17]. For ex-
ample, the contact angle between the piglet tongue surface ex vivo and
distilled water is 77 ± 4° [61], similar to the values obtained for the
human gingival surfaces (θWater ~ 72–79°) in vivo [62]. However, coating
of piglet tongue surfaces with saliva (ex vivo) makes them signiﬁcantly
more hydrophilic (50.5 ± 2.4°) as compared to that of the uncoated
tongue surfaces (77.3 ± 4.1°) [61]. Ranc and co-workers [61] also com-
pared the mean value of the total surface free energy (γs) of the piglet
tongues surfaces obtained with/without salivary coating based on Oss's
acid–base theoryusing contact anglemeasurements.Oss's acid–base the-
ory [63] is the sum of a non-polar Lifshitz–van der Waals component
(γsLW) that includes the London dispersion forces, the Debye induction
and Keesom orientation contributions and a polar Lewis acid–base
component (γsAB). The polar Lewis acid–base component (γsAB) is equal
to 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γþs þγ−s
p
, where, the surface parameters γs+ and γs− are the Lewis
acid component (the electron-acceptor parameter) and Lewis base com-
ponent (the electron-donor parameter), respectively. Coatingwith saliva
increased the total surface free energy of the tongue surface signiﬁcantly
up to 37.5± 1.4 mJ/m2 (1.4 times with respect to the uncoated counter-
part) [61]. Such increase in total surface free energywas impartedonly by
the Lewis acid–base component (γsAB) acid γs+ and γs− increased by fac-
tors of 4.7 (1.4 ± 0.3 mJ/m2) and 2.4 (38.7 ± 2.8 mJ/m2) as compared
to their uncoated surfaces counterparts, respectively. This suggests that
salivanot only enhances thewettability of the tongue surfacebut also im-
parts a stronger basic character.
Interestingly, stimulation (e.g. citric acid, mechanical stimulation by
chewing a paraﬁlm) can result in different compositions of saliva
[58,64] and consequently inﬂuence its physicochemical and material
properties. Basically, unstimulated saliva ismainly secreted from sublin-
gual and submaxillary glands, while stimulated saliva is secreted 80% by
the parotid gland, latter containing little or no mucin [65]. Table 2 lists
the physicochemical properties of stimulated and unstimulated saliva.Table 2
Physicochemical and material properties of unstimulated and stimulated human saliva.
Parameters Unstimulated
saliva
Stimulated
saliva
References
Key secretory salivary glands Sublingual,
Submaxillary
Parotid [142]
Parotid (% by volume) 28 53 [13,143,144]
Sublingual/ Submaxillary 68 46
Minor 4 1
Flow rate (mL/ min) 0.12–0.46 0.2–2
pH 6.0–7.5 7.42–8 [15,142,145]
Protein content (mg/ mL) 1.26–1.42 0.97–1.11 [142,143]
Amylase (IU/ L × 103) 454–516 422–580 [143]
Sodium (meq/L) 5.36–5.73 7.27–10.08
Potassium (meq/L) 19.33–21.48 18–18.39
Calcium (meq/L) 1.93–2.39 2.17–2.35
Magnesium (meq/L) 0.58–0.63 0.53–0.56
Surface tension (γ) 58.98 59.69 [66]
Viscosity η (mPa.s)a 0.86–1.5 1.14–1.16 [142]
Viscosity η (mPa.s)b 1.22–1.24 1.15-1.17
storage modulus G′ (mPa)b 1.77–2.11 1.27-1.41
Viscoelasticity More Less
(described as
“water-like”)
[58]
Friction coefﬁcient (μ) at sliding
speeds 0.7–10 mm/s, Load 0.34 N,
pig mucosa-based tribopairs)
0.11–0.24 0.16–0.33 [68]
a ηmeasured with cone-and-plate geometry at 100 s−1
b ηmeasured with capillary setup at 95 s−1 and shear strain of 1.1Generally speaking, the viscosity of stimulated saliva is lower as com-
pared to the unstimulated counterpart at orally relevant shear rates of
10–500 s−1, although both of them show shear-thinning behaviour at-
tributed to the breakup of the mucin-induced networks upon shearing
[66] (Fig. 2C). Interestingly, the surface tensions of stimulated and
unstimulated saliva are reported to be similar (Table 2). It might be at-
tributed to the presence of salivary proteins, such as calcium-binding
‘statherin’ present even in stimulated saliva (parotid as well as
whole), which has been demonstrated to be surface-active that moves
rapidly to the air interface reducing the interfacial tension (γ
∼ 55mNm−1) and forms a calcium-enriched viscoelastic ﬁlm with elas-
tic modulus (G′) of 60.8 mNm−1), and the viscousmodulus (G″) of 12.9
mNm−1 within 15min [67]. Tribological measurements using oesopha-
gus and pig tongue surface as tribopairs at speeds ranging from 0.7 to
9.8 mm/s suggest that the unstimulated saliva is a signiﬁcantly better
lubricant with lower friction coefﬁcients (μ) as compared to that of
stimulated saliva [68] (Fig. 2D). Therefore, for ex vivo oral processing ex-
periments using human saliva, it is extremely important to specify
whether the saliva is collected with or without stimulation.
Although real human saliva can be considered as the “gold standard”
in oral processing experiments, there are issues in using saliva as a re-
search material. Besides the ethical constraints, inherent variabilities
and biological risks, saliva undergoes signiﬁcant physicochemical
changes that translates in loss of its mechanical properties. Viscosity
and lubrication properties of saliva alter dramatically upon pooling,
freezing and thawing [2,3,49,69]. For instance, a key experimental ap-
proach used in experiments involving real human saliva is to pool saliva
fromhealthy donors and then store it frozen at−20 to−80 °C [2,66,70].
During the freeze-thawing process, salivary proteins bind to calcium
ions and precipitate out as Ca2+-induced protein aggregates [1]. Conse-
quently, the colloidal and mechanical properties change enormously,
which make it challenging to use real human saliva for research
purposes.
2.2. Model saliva formulation
Due to the difﬁculties encountered during collection, handling, stor-
age of real human saliva, model saliva has been preferred as a research
material by colloid scientists. Model saliva formulations have been de-
veloped with an aim to simulate the ionic concentrations, pH and to a
certain extent the viscosity using mucins from animal sources
[24,25,71–73]. Depending upon the need of experiments, in some
cases model saliva formulation may contain α-amylase [28,29,74] par-
ticularly when dealingwith starch-based experiments. From ionic com-
position viewpoint, model saliva formulations contain ions ranging
from three key components (NaHCO3, NaCl, KCl) up to nine components
[75]. Themodel saliva formulation (Table 3) prepared by Sarkar and co-
workers [25] based on composition used in previous dental studies
[72,73,76] is one of the most cited formulation (N200 times, Google
Scholar), most likely due to its interesting similarity to bulk human sa-
liva from electrostatics and apparent viscosity perspectives.Table 3
Chemical composition of model saliva formulations (Reproduced with permission from
[25]).
Chemical name Chemical
formula
Concentration (g/L)
Sodium chloride NaCl 1.594
Ammonium nitrate NH4NO3 0.328
Potassium phosphate KH2PO4 0.636
Potassium chloride KCl 0.202
Potassium citrate K3C6H5O7.H2O 0.308
Uric acid sodium salt C5H3N4O3Na 0.021
Urea H2NCONH2 0.198
Lactic acid sodium salt C3H5O3Na 0.146
Porcine gastric mucin Type II Varying concentrations (0–30 g/L)
Water Make upto volume
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suggested that real human saliva causes depletion ﬂocculation in
weakly negatively-charged emulsions, such as those stabilized by β-
lactoglobulin (β-lg)with homogenously dispersed ﬂocs, whereas bridg-
ing ﬂocculation occurs in positively-charged emulsions, such as those
stabilized by lysozyme with larger densely packed structures (Figs. 3A
and B). Interestingly, in vitro experiments by Sarkar and co-workers
[25] demonstrated similar behaviour with model saliva (referred in
the literature as ‘artiﬁcial saliva’, where such depletion ﬂocculation in
β-lg-stabilized emulsions and bridging ﬂocculation in lactoferrin-
stabilized emulsions (Figs. 3C and D)were attributed to the interactions
of the charged droplets with negatively charged mucin present in
the model saliva formulation. In fact the apparent viscosities of the
weakly negatively charged emulsions and the positively charged emul-
sions mixed with real human saliva [77] or model saliva [25] were
comparable. Similarly, droplet coalescence has been observed in
hydrophobically-modiﬁed starch-stabilized emulsions in the presence
of both real saliva (in vivo oral processing) [10] as well as model saliva
containing α-amylase (in vitro experiments) [28]. Such similarities of
bulk human saliva and model saliva in apparent viscosities and electro-
static charge have generated key insights into oral colloidal science that
has also enabled mechanistic understanding behind some sensory per-
ception [11,24,78,79]. For instance, bridging ﬂocculation of positively
charged emulsions observed in presence ofmodel saliva containingmu-
cins [25] or real saliva [77,78,80] was translated to ‘dry’ and ‘rough’ or
‘astringent’ mouthfeel perception during real oral processing [79].
Such sensory perception was attributed to precipitation of salivary mu-
cins from oral surfaces by complexation with positively charged emul-
sions. On the other hand, depletion ﬂocculation of negatively charged
emulsions observed in presence of model saliva containing mucins
[25] or real saliva [77] was translated into ‘creamy’, “fatty’ and ‘thick’
mouthfeel perception. This suggests that matching the biochemical
composition with ions andmucins to a certain extent and consequently
replicating the surface charges of real saliva using mucins in model sa-
liva in an in vitro experiment can generate powerful insights about
physico-chemical mechanism behind sensory perception that is experi-
enced during in vivo oral processing [6].
Comparison of the results from human saliva and puriﬁed MUC5B
mucin solutions using confocal ﬂuorescence recovery after photoble-
aching experiments suggested that the network properties of saliva
cannot be replicated using puriﬁed MUC5B mucin at physiologicalFig. 3.Microscopic images of mixtures of human saliva and emulsions stabilized by β-lg
(A) or lysozyme (B) and mixtures of artiﬁcial saliva and emulsions stabilized by β-lg
(C) or lactoferrin (D) at neutral pH, respectively. Images (A), (B) [77] and (C), (D) [25]
in the panels are reproduced with permission.concentration but requires at least 10–20 times higher concentration
of MUC5B to mimic saliva [81]. This further indicates that the complex
structural organization of real human saliva cannot be replicated by pu-
riﬁed MUC5B mucin alone and interactions with other components
within the human saliva are required to produce its mechanical proper-
ties even in bulk phase. Therefore, it is not surprising that themodel sa-
liva formulation containing only mucin in an ionic dispersion as
discussed above does not reproduce the properties of natural human sa-
liva, such as viscoelasticity or BOAS morphology.
To summarize, no studies have considered salivary proteins other
than mucin and α-amylase in their model formulations so far, and the
these non-mucinous salivary proteins may play a key role in colloidal
interactions with food structure that has remained underestimated in
the literature. Since model saliva includes a different source of mucin
as compared to human salivary mucins, we have included a section
entailing the types of mucins and their properties to identify mucin
from which source should be used to answer a speciﬁc question during
food oral processing experiments.
3. Mucins
Mucins are glycoproteins with molecular weights ranging from
200 kDa to 40 MDa [82], and can be classiﬁed as either membrane-
bound or secreted. Both of them are highly glycosylated by N-
acetylgalactosamine, N-acetylglucosamine, fucose, galactose, sialic acid
and a fewmannose and sulphate [83]. It has been reported that mucins
constitute approximately 16% of the total protein in whole stimulated
saliva [84]. Members of the mucin family can vary considerably in size,
structure, degree of glycosylated modiﬁcation, which result in their dif-
ferent physicochemical and material properties [85]. As for the scope of
this review, we focus only on salivary mucins. For more detailed infor-
mation on mucins, readers can refer to excellent previous reviews
[55,85–89].
3.1. Salivary mucins
There are two major structurally and functionally distinct mucins in
human whole saliva: MG1 mucin and MG2 mucin encoded by genes
MUC5B and MUC7, respectively [90–92]. Salivary MUC5B mucin is a
heavily glycosylated (approximately 80% of its weight comes from car-
bohydrates) with molecular weight of 2.5–3.0 MDa [92], while MUC7 is
the smallest of the secreted mucins with less heterogeneous glycosyla-
tion [93]. In addition, MG1-derived oligosaccharides are reported to be
much longer than those of MUC7 [94]. TheMUC5B is the representative
of gel-like mucin, which is the principal protein for constructing the
structural framework of saliva, secreted by all the salivary glands except
the parotid gland [82]. The MUC7 secreted by submandibular, sublin-
gual and palatine salivary glands is the non-gel forming mucin that
are present in the salivary micelles. Despite their differences resulting
from carbohydrate content and charge density, they share the general
structural features with other mucins present in different organisms.
Generally, mucins are made up of different domains [85]. There are tan-
dem repeat domains that are rich in serine, threonine and proline (STP
repeats) that contain more than 60% of the amino acids. The lack of typ-
ical α-helix and β-sheets in mucin makes the repeat domains serve as a
scaffold providing primary targets for O-linked oligosaccharides (oligo-
saccharides that link to oxygen atom in the serine and threonine)
[55,95]. Varied copy numbers of these STP repeats give the variation of
mucin lengths, glycosylation, and then lead to the different molecular
weights.
In fact, commercially available mucins derived from animal sources,
such as, bovine sabmaxillary mucin (BSM) and porcine gastric mucin
(PGM) that are commonly used in academic research have some degree
of similarity to MUC5B [85,96–98]. However, it is worth noting that
there are still large differences between human salivary MUC5B and
commercial animal source derived mucins (BSM and PGM). For
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adsorbed mass on hydrophobized silica using ellipsometry was
2.6 mg/m2 for highly puriﬁed fraction of mucins from either BSM or
PGMwhilst 5.0 mg/m2 for mildly puriﬁed MUC5B, the latter containing
some albumin.
3.2. Commercial mucins derived from animal sources
As mentioned above, a few animal-derived mucins have long been
commercially available (e.g. BSM or PGM) as provided by many manu-
facturers, and they have been employed to formulate model saliva.
However, there is no consensus on the criteria so far in literature in de-
signing model saliva formulations, such as type and concentration of
mucin source, solvent, additives. To date, notable differences have
been reported in the physicochemical characteristics, structure, absorp-
tion behaviour and lubrication properties of the two major commercial
mucins, BSM and PGM. This section discusses the detailed differences
between these two types of mucins in view of their structural, physico-
chemical, andmaterial properties (Table 4), which is the ﬁrst stepwhen
designing oral processing studies with either of these mucins in the
model saliva formulations.
3.2.1. Inﬂuence of batch-to-batch variations and puriﬁcation
One of very notable and possibly puzzling problems with BSM and
PGM is that aggregation and physicochemical properties of mucins
have been reported to vary signiﬁcantly across studies in literature
even for the same types of mucins. We suggest that this discrepancy
might be closely associated with varying purity of the mucin samples.
Firstly, many researchers have attempted to isolate and purify mucins
fromanimal organs as opposed to using commercial alternatives, yet ac-
cording to different procedures [100–105]. Thus, it is reasonable to as-
sume that reported molecular weight, structure, and composition of
mucins, even for the same types and including commercial mucins,
would be affected by puriﬁcation details. Secondly, among the commer-
cially available mucins, researchers often employ mucin samples with
varying purity, which are announced by manufacturers; examples in-
clude Type I (ceased to be produced) [106,107] versus Type I-S of BSMTable 4
Physicochemical properties, structure and material properties of bovine submaxillary mucin (B
Parameters
Physicochemical properties and structure
Mw, Molecular weight (MDa)
Rg, Radius of gyration (nm)
Feature of ordered degree
Protein content (% by dry weight)
Negatively charged amino acids content (% by amino acid composition)
Positively charged amino acids content (% by amino acid composition)
Neutral amino acids content (% by amino acid composition)
Hydrophobic amino acids content(% by amino acid composition)
Carbohydrate content (% by dry weight)
Sialic acid content (% by total carbohydrate mass, obtained from Sigma Aldrich website)
Isoelectric point (pI)
% of mucin agglomerates changes with decreasing pH from 7.4 to 3.0
Dh (nm) at pH 7.4
Sensitivity of Dh on lowering pH values
ζ-potential (mV) at pH 2.4
ζ-potential (mV) at pH 7.4
Tendency to form aggregates
Absorption behaviour
Absorbed amount on PDMS at pH 7.4 (ng/cm2)
Speed of adsorption at pH 7.4
Absorbed amount on PDMS at pH 2.4 (ng/cm2)
Speed of adsorption at pH 2.4
Lubrication and viscoelasticity
Viscoelastic property of ﬁlm
Friction coefﬁcient (μ) at pH 7.4 at speeds 0.25–10 mm/s, load 1 N, PDMS-PDMS tribopair
Friction coefﬁcient (μ) at pH 7.4 at speeds 10–1000 mm/s, load 5 N, POM-PDMS tribopairs
Friction coefﬁcient (μ) at pH 7.4, load 0–25 N, PS-PS tribopairs)
a Derived from ﬁgures presented in references.[26,39,40,108] or Type II [25,109] versus Type III [16,108,110] for PGM
from Sigma-Aldrich®. PGM from Sigma-Aldrich® and commercially
available AS Orthana® [110] appear to display noticeable differences
in structure and composition as well. In addition, researchers from
Sweden, Denmark, and USA have reported batch-to-batch variation
with a wide range of contaminants in the same types of mucins too
[111–113]. Finally, a few studies have further puriﬁed commercial mu-
cins in order to improve the purity as well as to standardize the status,
yet also according to different procedures, e.g. dialysis [16,26,111],
anion exchange chromatography [112,114,115], size exclusion chrom-
atography [116,117], or combination of both chromatographic
techniques [98,106,118] and lastly without further puriﬁcation
[11,24,25,28,29,108,109,119–121]. Depending on the purpose of each
study, all these different handling of mucin samples prior to experi-
ments can be justiﬁed, and it is not an easy task to draw an agreement
on the standardized puriﬁcation method across different research
groups. Therefore, it can be only emphasized that readers should be
fully aware that all these different pre-treatments, or even the absence
of any pre-treatment, may have a signiﬁcant impact on the observed
properties of the commercially available mucins.
3.2.2. Charge density
The most important difference between BSM and PGM is their sialic
acid contents. Sialic acids, i.e. N-acetyl-neuraminic acids, the family of
9‑carbon carboxylated sugar. Sialic acids (pKa = 2.5) attached to both
the polypeptide core and terminal groups of mucin, together with
other acidic oligosaccharides (i.e sulfate, pKa = 1) are responsible for
the anionic nature of mucins [106]. Consequently, BSM with signiﬁ-
cantly higher sialic acid content is more negatively charged mucin
than PGM (Table 4); BSM has consistently been reported to display
more negative ζ-potential values as compared to those of PGM. In addi-
tion, this difference inevitably inﬂuences the pH-dependent adsorption
behaviour ofmucins onto nonpolar surfaces, aswill be addressed below.
3.2.3. Structure
Various models of BSM and PGM have been hypothesized in the last
50 years, but their molecular structural models remain under debate toSM) and pig gastric mucin (PGM).
Bovine submaxillary mucin (BSM) Pig gastric mucin (PGM) References
1.6–4.1 2.2–4.7 [80,103,117,146]
140–259 49–72 [80,105,146]
More obvious Less obvious [114]
36.2–50 13.2–17 [106,146,147]
15 10 [147]
10 10 [147]
54 68 [147]
20 10 [147]
63.8 82.9 [106]
9–24 0.5–1.5
2–3 [105]
0–58 43–83 [106]
56.1 ± 8.9 77.8 ± 19.7 [114]
higher lower [114]
−1.92 to−2a −0.95 to−3a [106,114]
−5.99 to−21a −5.47 to−9a [106,114]
lower higher [106,114]
54–143.3 87–98.2 [107,114]
higher lower [114]
116–128.9 68.7–77 [107]
similiar [114]
more elastic/less viscous less elastic/more viscous [114]
s) 0.03–0.09 0.7–0.9 [114]
) 0.03–0.01a 0.58-0.1a [39]
~0.02a 0.01–0.12a [107]
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mucins model predicted by Bloomﬁeld [122], a dumbbell-like conﬁgu-
ration (two globules per chain) has been proposed by Yakubov and co-
workers [110] for PGM in bulk solution. By using AFM and transmission
electron microscopy (TEM) experiments, they described this model
with a 40–50 nm long peptide backbone chain ﬂanked with 2.5 nm
long carbohydrate side-chains and two globular terminal subunits of
the approximately 9 nm radius. Later, Znamenskaya and coworkers
[108] performed imaging of dried PGM to conﬁrm this model by AFM.
Both ﬁber-like and dumbbell-like structures were visualized for PGM.
Their measurements showed a smaller size of PGM molecules, which
can be explained by their different sample preparations as PGM mole-
cules becameﬂatter during dehydration. However, only ﬁber-like struc-
tures of BSM were observed in their AFM experiments [123]. It should
be noted that different pre-treatment of mucin samples, including puri-
ﬁcation, can be partly responsible for this discrepancy too, asmentioned
above.
3.2.4. Adsorption behaviour
Amajority of adsorption studies of mucins to date have been carried
out by employing nonpolar, hydrophobic surfaces as a target substrate
to highlight the amphiphilic characteristics of mucin molecules, even
though studies on polar surfaces are also available [26,123,124]. A few
studies have directly compared the adsorption behaviour of PGMversus
BSM. BothMadsen and co-workers [114] and Çelebioğlu and coworkers
[39] demonstrated higher adsorbed mass of PGM as compared to BSM
(Type I-S following a further puriﬁcation [114] and as received Type
I-S [39], both from Sigma-Aldrich®) onto polydimethylsiloxane
(PDMS) surface under neutral environment, while this was contrad-
ictedwith the report by Lee (Type I, Sigma-Aldrich®) [107]. Considering
that BSM samples in these studies had knowndifference in thedegree of
purity, the observed difference might have a technical rather than a sci-
entiﬁc origin.
Another study from Lee's group revealed that a further puriﬁca-
tion of commercially available BSM (Type III, Sigma-Aldrich®) by
means of anion exchange chromatography (AES) led to a substantial
decrease in the adsorbed mass [112]. This observation suggests that
the adsorption behavior, notably adsorbed amount, of mucins is sig-
niﬁcantly affected by the degree of purity of mucin samples. ForFig. 4. Schematic illustration of bovine submaxillary mucin (BSM), pig gastric mucin (PGM) an
neutral pH.instance, impurities in less puriﬁed mucin samples may contribute
to the adsorbed mass and/or aggregation of mucin-impurities may
alter various physicochemical properties affecting the adsorption
properties. The inﬂuence of changing the environmental pH from
neutral to acidic on the adsorbed mass of mucins also showed a
strong dependence on both type and purity. While the adsorbed
mass of PGM was virtually uninﬂuenced or decreased slightly in
most studies [39,107,114], the trends in the corresponding change
of BSM are highly scattered [107,114]. As it is well known, adsorp-
tion of anionic mucins onto nonpolar, hydrophobic surfaces
from bulk solutions results in the accumulation of the charges on
the surfaces, which act as an additional barrier to suppress further
adsorption [125]. Although both BSM and PGM are anionic macro-
molecules with various acidic moieties, BSM is expected to be more
sensitive to pH change, which is consistent withmore abundant neg-
atively charged moieties than PGM throughout its structure [114]
(Fig. 4). This may explain the relatively insigniﬁcant changes of the
adsorbed mass of PGM in response to the pH change. Meanwhile,
as commercial BSM is known to contain a signiﬁcant amount of
other proteins as impurities, the inﬂuence of change in pH on highly
puriﬁed versus as-received BSM can be further inﬂuenced by the im-
pact of pH on impurities. This requires further experimental veriﬁca-
tion and is currently under study. Lastly, from the assessment of
their ﬁlm viscoelasticity (Table 4), BSM was reported to form a
more elastic ﬁlm on PDMS surface than PGM, which may be further
associated with BSM's stronger binding ability onto the hydrophobic
surfaces. These differences with regard to the adsorption behaviours
give more insight to their lubrication abilities and conformational
changes upon adsorption [114].
3.2.5. Lubrication
Both from themeasurements of the nanoscale andmacroscale tribo-
logical devices, BSM has been reported to show superior lubricating
properties as compared to PGM (Table 4). For nanoscalemeasurements,
Lee [107] explored these two kinds of mucin coatings on polystyrene
(PS) surface by AFM. Results suggested that both types of mucins can
be used as potential lubricant under nanoscopic scale contacts, although
BSM was more efﬁcient than PGM in reducing the frictional forces be-
tween PS surfaces. The superior lubricating properties of BSM to PGMd their monolayer adsorption onto hydrophobic polydimethylsiloxane (PDMS) surfaces at
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terface as reported by Madsen and co-workers [114]. While the friction
coefﬁcients (μ) of BSM slightly increased from 0.03 to 0.09with increas-
ing speeds (from 0.25 to 100 mm/s), at pH 7.4, PGMwas less lubricious
with one order of magnitude higher μ values than BSM under the same
conditions [114]. The contrasting lubricating capabilities between BSM
and PGM can be correlated to their different adsorption behaviour
onto the tribopair surface, i.e. nonpolar, hydrophobic surfaces, such as
PDMS or PS. It is important to note that while adsorbed mass of mucins
may play a role, it is not the determining factor for their lubricating
properties. As mentioned above, the relative magnitude of adsorbed
BSM and PGM varied signiﬁcantly depending on the purity of mucin
samples, but superior lubricity of BSM over PGM was consistently ob-
served throughout all the studies to date. Moreover, further puriﬁcation
of BSM in a study by Nikogeorgos and co-workers [112] showed an im-
proved lubricity despite a substantial decrease in the adsorbed mass
after AES-based puriﬁcation. These observations collectively point to
that a vital parameter to determine the lubricity is not the adsorbed
amount, but possibly the binding strength and the stability of the
mucin ﬁlms anchored on hydrophobic surfaces [114].
Çelebioğlu and co-workers [39] also conﬁrmed that at macro-scale,
BSM performed as a better lubricant than PGM usingMini Traction Ma-
chine (MTM) at pH 5 and pH 7.4 (Table 4). With increasing speeds from
low (10 mm/s) to high (1000 mm/s), the μ values of BSM solution
(1mg/mL) began to decrease, reaching as low as 0.03 at pH 7.4. The lu-
bricating ability of PGM was minimal in the low-speed regime with a
starting point of μ value of approximately 0.8 (in the case of BSM, μ=
0.24) [39].
In summary, if we focus on the lubricity, commercial BSM derived
from Sigma-Aldrich® appears to be a better choice than PGM for
model saliva formulations owing to its consistently reported superior
lubricating capabilities at neutral pH, regardless of the purity. However,
many other physicochemical properties of BSM have been reported to
be not sufﬁciently reproducible. Based on the known information on
the commercially available BSM across studies, it can be suggested
that varying purity of BSM, either due to batch-to-batch variations by
manufactures or different further puriﬁcation, is chieﬂy responsible
for it. Thus, it is important to have a full control on the purity and com-
position in model saliva formulation to expect a high reproducibility in
all necessary properties.
4. Adsorbed salivary ﬁlm− structure and tribological properties
4.1. Human salivary pellicle
The salivary pellicle is a complex proteinaceous ﬁlm that adsorbs on
all oral surfaces, and provides a barrier to dissolution of enamel by
dietary acids, and also lubricates themouth, facilitating the oral process-
ing of food. Salivary pellicle formation is a highly selective adsorption
process, where macromolecules, such as mucins, PRP, statherin, α-
amylase, lactoferrin, cystatins, lysozyme, IgA, from whole saliva adsorb
onto any oral surface [20,21,126]. Depending on the type of oral sur-
faces, salivary pellicles are divided into enamel (teeth) pellicle andmu-
cosal (epithelia) pellicle. Compared to the well-established structure
and protective role of enamel pellicle, the fundamental understanding
of mucosal pellicle still remains in the early stage [19].
The term “mucosal pellicle” remains under discussion on its deﬁni-
tion among different scientiﬁc ﬁelds, due to the varying degrees of at-
tachment of salivary proteins and involvement of other components.
In general, the mucosal pellicle consists of a bound protein-rich inner
layer (immobile layer) anchored onto the substrates and a lubricious,
loosely arranged outer layer (mobile layer) containing proteins, ions
and foreign components [20,127,128]. The MUC5B and MUC7 are inte-
gral for the structure formation of mucosal pellicles but these mucin
molecules alone are not sufﬁcient to build the multicomponent ﬁlms
[23,127]. Ex vivo studies showed initially rapid kinetics of formation ofmucosal pellicle was triggered by smaller molecules, such as statherin
and PRP, interacting with the membrane-bound mucins. Then, the
pre-adsorbed proteins affect the subsequent andmore complex adsorp-
tion of other components (mainly MUC5B) in the mucosal pellicles
[19,20,129]. Thickness of the pellicle varies from 30 to 100 nm depend-
ing on the location of oral cavity as the composition of pellicle is inﬂu-
enced also by the underlying substratum [42,130]. A bulk salivary
layer keeps the pellicle regenerated and maintains its integrity involv-
ing the formation of a salivary ﬁlm together with adsorbed pellicle be-
neath [129]. It should be noted that the ex vivo salivary pellicle (also
termed as salivary conditioning ﬁlms in literature) obtained by simple
deposition of whole human saliva onto a surface might not have similar
properties to those of human saliva in vivo, due to the dynamic nature-
engineered architecture of the latter found on soft oral surfaces. This
gives food researchers difﬁculties in designing ex vivo oral processing
experiments [35] and relating thematerial properties with sensory per-
ception. Nevertheless, the lack of fundamental studies on structure and
properties of salivary pellicle makes it a rich area for future research.
Lubricity is probably one of the most important functions of saliva.
When the bulk salivary ﬁlm is largely squeezed out from the rubbing
contact zones of tongue-oral palate, salivary pellicle adsorbed onto the
oral surfaces acts as a protagonist in supporting the applied load by
the oral contact surfaces and modulating the interfacial friction, which
is key to achieve oral lubrication. Salivary pellicle has been proposed
to have two structural layers: a tightly bound layer and a hydrated
mucin-rich layer, the latter effectively entrapping water within the pel-
licle [23]. At relatively low loads and consequently low pressures (up to
a few atm), μ ∼ 0.03 can be observed suggesting that the frictional dissi-
pation pathways tend to be dominated by hydration lubrication
[23,131–133]. This hydrated architecture of pellicle retain mobility in
order to protect the oral surfaces fromwear and friction and contribute
to oral lubrication. An ex vivo experiment conﬁrms the ability of salivary
conditioning ﬁlms to reduce coefﬁcient of friction (μ) using colloidal-
probe AFM against silica surface [22]. The μ of ex vivo saliva-coated silica
was in the range of 0.03–0.66 at nanoscale, which is lower by at least a
factor of 20 than the water-lubricated counterparts [22]. Even the addi-
tion of surface-active componentsmay result in the loss of lubricity, and
this robust salivary ﬁlm can be rehydrated and replenishedwithout los-
ing its lubricity permanently [35]. Interestingly, Bongaerts and co-
workers [35] also pointed out the pre-coated human saliva substrates
are prone to degradation and dehydration, and thus have widely vary-
ing properties depending on the preparation method. For instance,
dried human saliva may result in μ≈ 2–3, highlighting the importance
of hydration for efﬁcient boundary lubrication by the salivary pellicle
[35]. Moreover, ploughing of the deposited salivary conditioning ﬁlms
from the surfaces during applied shear may increase the μ values dra-
matically [131]. Thus, a simple transfer of human saliva onto substrates
might not be an ideal ex vivomodel to investigate the oral lubrication
due to issues with reproducibility, besides the obvious challenges of in-
herent variability of human saliva [35].
4.2. Adsorbed model saliva ﬁlm using mucin monolayer
Approaches of mimicking salivary pellicle in in vitro experiments in-
clude using BSM. For instance, Sarkar and co-workers have bio-
functionalized the hydrophobic tribological substrates, such as PDMS
(θwater ~ 110°), with BSM after O2-plasma treatment, where the hydro-
philicity was restored over weeks (θwater ~ 47°) [26]. Although this was
an effective technique to change the hydrophilicity of the substrates,
such mucin-based model salivary formulation show signiﬁcant differ-
ences in lubricating aspects when compared to real human saliva
[24,134]. On the other hand, model saliva containing PGM does show
signiﬁcantly higher μ values as compared to those of real unstimulated
and stimulated human saliva in the boundary lubrication regime (slid-
ing speed b10 mm/s) [24,68,134]. However, this particular comparison
should be takenwith caution as the lubrication of adsorbedmodel saliva
Fig. 5. Friction force (mN) as a function of velocity of soft, hydrophobic PDMS coatedmica
in presence of saliva or mucin as lubricant, at a load of 6.1mN (A) and as a function of load
at a velocity of 1.24 μm/s (B) (Reproduced with permission from [135]).
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saliva experiments were performed using pig mucosal contact surfaces.
To compare comparable contact surfaces, the lubrication effect of
human salivary ﬁlm and BSM monolayer ﬁlm on PDMS-coated mica
surfaces was recently determined using a surface force apparatus
[135]. The friction force was more than twice as high in the presence
of mucin than saliva within ca. 0.1 to 10 μm/s (Fig. 5A). Moreover, the
μ obtained from the slope of friction force versus normal load graph
(Fig. 5B) was also higher in presence of mucin (0.36) than saliva
(0.28). Noteworthy is that salivary pellicle contains many acidic
proline-richproteins (PRP-1) that adsorbmore on hydrophobic surfaces
[136] and has a more pronounced lubricating effect as compared to
mucin [137], the latter studied using AFM. In another study usingnanoscale lubrication experiments (AFM), lubrication properties of sal-
ivary ﬁlm was compared with its mucin-rich and PRP-1-rich fractions
[110]. It was proposed that the low friction in salivary pellicle was a
combinatorial effect of the hydrated brush-like layer formed by mucin,
with low molecular weight components contributing to spreading, ad-
sorption and strengthening of the salivary ﬁlms on hydrophobic sub-
strates. Thus, a more complex milieu of saliva, which is composed of
mucins but also of other proteins, effectively reduces friction force and
enhances the lubricity compared to mucin alone.
4.3. Adsorbed mucin multilayers – potential for biomimetic pellicle
fabrication
It is worth noting that salivary pellicle in nature is created by a com-
plex assembly of a range of proteins, and is still an unresolved structural
researchquestion atmultiple length and time scales. There are somehy-
potheses of salivary pellicle being a multi-layered network [38,67]. In-
terestingly, layer-by-layer (LbL) assembly i.e. a classical technique of
alternative depositions of anionic and cationic polymers or other poly-
electrolytes from respective dilute solution with salivary proteins (e.g.
mucin) as one of the chosen polymer can be a promising future strategy
to create an effectively adsorbed biomimetic pellicle to study the dy-
namics of in vitro oral tribological experiments. As the driving force of
these multi-layered architecture is electrostatic interaction, the proper-
ties of the resulting ﬁlms (i.e., thickness, adsorbed mass, roughness,
wettability and viscoelasticity) can be precisely controlled by varying
the self-assembly conditions, such as pH, ionic strength, polymer con-
centration and their charge ratio [138]. In addition, numerous studies
demonstrated that the successfully built-up multi-layered systems are
stable and uniform as compared to the monolayer [139]. Readers can
refer to excellent reviews on LBL approaches (formation, properties)
elsewhere for various applications from drug delivery, biomaterials,
oral health, antibacterial coating to sensor technology [88,140].
To our knowledge, there are no study on mucin multilayer discuss-
ing the relationship between ﬁlm thickness, roughness and the resul-
tant lubrication in comparison to that of a real human salivary pellicle
to date. Although mucin (BSM) monolayer adsorbed to PDMS surfaces
has been used in tribological study of protein microgels with high rele-
vance to food [26], there is no study in food tribology that has employed
mucin multilayer-adsorbed tribopairs as contact surfaces to date.
To explore its potential for model biomimetic salivary pellicle develop-
ment, one ﬁrst needs to compare the tribological properties of
hydrophobic PDMS surfaces and mucin multilayer-adsorbed (hydro-
philic) PDMS surfaces, in the absence and presence of food systems. In
addition, such instrumentally acquired friction data should be com-
pared with friction- or lubrication-associated sensory attributes, such
as smoothness, pastiness, astringency etc [8,11,141]. A strong correla-
tion (if obtained) between instrumentally acquired friction data and
sensory dimensions may intuitively indicate adequate replication of
the properties of the real salivary pellicle in these biomimetic surfaces.
5. Conclusions and future opportunities
Based on the comprehensive evidences gathered in this review, we
can reiterate that there is no holy-grailmodel salivary formulation in lit-
erature that has fully replicated the bulk and surface properties of real
human saliva yet. This is mainly associated with the fact that real
human saliva has an extremely complex architecturewithmultiple pro-
teins and consequently specialized properties, understanding of which
is far from complete. Hence, designing one standardized formulation
of real human saliva is not straightforward. Indeed, model saliva and
real human saliva show similarities in food colloid-saliva interaction
outcomeswhen themodel saliva emulates the biochemical composition
(e.g. ions, negatively charged commercially available mucin) and the
electrostatic charge, to a certain extent. Such understanding has helped
to decipher the physico-chemical mechanisms behind sensory
11A. Sarkar et al. / Advances in Colloid and Interface Science 273 (2019) 102034perceptions. However, considering the growing research interests on
oral lubrication, model saliva studied mainly using less expensive and
crude PGM is particularly problematic in replicating the lubrication
and adsorption properties of saliva. Based on surface adsorption and lu-
brication studies from a wide pool of studies, we recommend that BSM
appears to be the most optimal choice for the mucin type for model sa-
liva in terms of lubrication properties. Further puriﬁcation of BSM via di-
alysis or chromatographic techniques can help to generate better
reproducibility and reliability for surface adsorption to hydrophobic
surfaces that are commonly employed in oral tribology experiments.
Despite that mucin is recognized as the chief contributor for the lubri-
cating properties of real saliva, it is evident that aqueous solution of
mucin alone cannot fully represent various physicochemical and bio-
physical properties of saliva. Systematic studies on designing mucin-
multilayers with targeted tribological properties have to be investigated
in future, particularlywith respect to examining its potential to replicate
human salivary pellicle. Tribological measurements in the presence of
mucins and mucin-polycationic additive systems (multilayers) in com-
parison to ex vivo human salivary conditioning ﬁlms are needed in ﬁrst
place to warrant its use in food tribology experiments.
Acknowledgements
The author (AS) would like to the European Research Council (ERC)
under the EuropeanUnion’s Horizon 2020 research and innovation pro-
gram (grant agreement n° 757993) for funding.
References
[1] Mandel ID. The role of saliva in maintaining oral homeostasis. J Am Dent Assoc
1989;119:298–304.
[2] Schipper RG, Silletti E, Vingerhoeds MH. Saliva as research material: biochemical,
physicochemical and practical aspects. Arch Oral Biol 2007;52:1114–35.
[3] Xu F, Laguna L, Sarkar A. Aging-related changes in quantity and quality of saliva:
where do we stand in our understanding? J Texture Stud 2019;50:27–35.
[4] Chojnowska S, Baran T,Wilińska I, Sienicka P, Cabaj-Wiater I, KnaśM.Human saliva
as a diagnostic material. Adv Med Sci 2018;63:185–91.
[5] Sarkar A, Singh H. Oral behaviour of food emulsions. In: Chen J, Engelen L, editors.
Food oral processing: fundamentals of eating and sensory perception.West Sussex,
UK: Wiley-Blackwell; 2012. p. 111–37.
[6] Sarkar A, Ye A, Singh H. Oral processing of emulsion systems from a colloidal per-
spective. Food Funct 2017;8:511–21.
[7] Wang X, Chen J. Food sensory perception inﬂuenced by structure and/or food–
saliva interactions. In: Melton L, Shahidi F, Varelis P, editors. Encyclopedia of
Food Chemistry. Oxford: Academic Press; 2019. p. 154–7.
[8] Laguna L, Sarkar A. Oral tribology: update on the relevance to study astringency in
wines. Tribol Mater Surf Interfaces 2017;11:116–23.
[9] Laguna L, Sarkar A, Bryant MG, Beadling AR, Bartolomé B, Victoria Moreno-Arribas
M. Exploring mouthfeel in model wines: sensory-to-instrumental approaches.
Food Res Int 2017;102:478–86.
[10] Dresselhuis DM, de Hoog EHA, Cohen Stuart MA, Vingerhoeds MH, van Aken GA.
The occurrence of in-mouth coalescence of emulsion droplets in relation to percep-
tion of fat. Food Hydrocoll 2008;22:1170–83.
[11] Krop EM, Hetherington MM, Holmes M, Miquel S, Sarkar A. On relating rheology
and oral tribology to sensory properties in hydrogels. Food Hydrocoll 2019;88:
101–13.
[12] Fano G. Contributo allo studio dei corpi ﬁlanti (contribution to the study of thread-
forming materials). Archiv Fisiologica (Physiol Arch) 1908;5:365–70.
[13] Humphrey SP, Williamson RT. A review of saliva: normal composition, ﬂow, and
function. J Prosthet Dent 2001;85:162–9.
[14] Chen J, Engelen L. Food oral processing: fundamentals of eating and sensory per-
ception. West Sussex, UK: Wiley-Blackwell; 2012.
[15] Aframian DJ, Davidowitz T, Benoliel R. The distribution of oral mucosal pH values in
healthy saliva secretors. Oral Dis 2006;12:420–3.
[16] Nikogeorgos N, Eﬂer P, Kayitmazer AB, Lee S. "Bio-glues" to enhance slipperiness of
mucins: improved lubricity and wear resistance of porcine gastric mucin (PGM)
layers assisted by mucoadhesion with chitosan. Soft Matter 2015;11:489–98.
[17] Sarkar A, Andablo-Reyes E, Bryant M, Dowson D, Neville A. Lubrication of soft oral
surfaces. Curr Opin Colloid Interface Sci 2019;39:61–75.
[18] Gibbins HL, Carpenter GH. Alternative mechanisms of astringency - what is the role
of saliva? J Texture Stud 2013;44:364–75.
[19] Hannig C, Hannig M, Kensche A, Carpenter G. The mucosal pellicle – an
underestimated factor in oral physiology. Arch Oral Biol 2017;80:144–52.
[20] Lindh L, Aroonsang W, Sotres J, Arnebrant T. Salivary pellicles. Monogr Oral Sci
2014;24:30–9.
[21] Cook SL, Bull SP, Methven L, Parker JK, Khutoryanskiy VV. Mucoadhesion: a food
perspective. Food Hydrocoll 2017;72:281–96.[22] Hahn Berg IC, Rutland MW, Arnebrant T. Lubricating properties of the initial sali-
vary pellicle - an AFM study. Biofouling 2003;19:365–9.
[23] Yakubov GE, Macakova L, Wilson S,Windust JHC, Stokes JR. Aqueous lubrication by
fractionated salivary proteins: synergistic interaction of mucin polymer brush with
low molecular weight macromolecules. Tribol Int 2015;89:34–45.
[24] Laguna L, Farrell G, Bryant M, Morina A, Sarkar A. Relating rheology and
tribology of commercial dairy colloids to sensory perception. Food Funct 2017;8:
563–73.
[25] Sarkar A, Goh KKT, Singh H. Colloidal stability and interactions of milk-protein-
stabilized emulsions in an artiﬁcial saliva. Food Hydrocoll 2009;23:1270–8.
[26] Sarkar A, Kanti F, Gulotta A, Murray BS, Zhang S. Aqueous lubrication, structure and
rheological properties of whey protein microgel particles. Langmuir 2017;33:
14699–708.
[27] Morell P, Chen J, Fiszman S. The role of starch and saliva in tribology studies and the
sensory perception of protein-added yogurts. Food Funct 2017;8:545–53.
[28] Torres O, Andablo-Reyes E, Murray BS, Sarkar A. Emulsion microgel particles
as high-performance bio-lubricants. ACS Appl Mater Interfaces 2018;10:
26893–905.
[29] Torres O, Yamada A, Rigby NM, Hanawa T, Kawano Y, Sarkar A. Gellan gum: A new
member in the dysphagia thickener family. Biotribology 2019;17:8–18.
[30] Oh DJ, Lee JY, Kim YK, Kho HS. Effects of carboxymethylcellulose (CMC)-based ar-
tiﬁcial saliva in patients with xerostomia. Int J Oral Maxillofac Surg 2008;37:
1027–31.
[31] Nieuw Amerongen A, Veerman E. Current therapies for xerostomia and salivary
gland hypofunction associated with cancer therapies. Support Care Cancer 2003;
11:226–31.
[32] Skrinjar I, Vucicevic Boras V, Bakale I, Andabak Rogulj A, Brailo V, Vidovic Juras D,
et al. Comparison between three different saliva substitutes in patients with
hyposalivation. Clin Oral Investig 2015;19:753–7.
[33] Vinke J, Kaper HJ, Vissink A, Sharma PK. An ex vivo salivary lubrication system to
mimic xerostomic conditions and to predict the lubricating properties of
xerostomia relieving agents. Sci Rep 2018;8:9087.
[34] Adamczak MI, Martinsen ØG, Smistad G, Hiorth M. Polymer coated mucoadhesive
liposomes intended for the management of xerostomia. Int J Pharm 2017;527:
72–8.
[35] Bongaerts JHH, Rossetti D, Stokes JR. The lubricating properties of humanwhole sa-
liva. Tribol Lett 2007;27:277–87.
[36] Decher G, Hong JD, Schmitt J. Buildup of ultrathin multilayer ﬁlms by a self-
assembly process: III. Consecutively alternating adsorption of anionic and cationic
polyelectrolytes on charged surfaces. Thin Solid Films 1992;210–211:831–5.
[37] Lieleg O, Vladescu I, Ribbeck K. Characterization of particle translocation through
mucin hydrogels. Biophys J 2010;98:1782–9.
[38] Authimoolam SP, Vasilakes AL, Shah NM, Puleo DA, Dziubla TD. Synthetic oral
mucin mimic from polymer micelle networks. Biomacromolecules 2014;15:
3099–111.
[39] Çelebioğlu HY, Gudjónsdóttir M, Chronakis IS, Lee S. Investigation of the interaction
between mucins and β-lactoglobulin under tribological stress. Food Hydrocoll
2016;54:57–65.
[40] Svensson O, Lindh L, Cárdenas M, Arnebrant T. Layer-by-layer assembly of mucin
and chitosan-Inﬂuence of surface properties, concentration and type of mucin. J
Colloid Interface Sci 2006;299:608–16.
[41] De Almeida PDV, Grégio AMT, Machado MÂN, De Lima AAS, Azevedo LR. Saliva
composition and functions: a comprehensive review. J Contemp Dent Pract 2008;
9:072–80.
[42] Lendenmann U, Grogan J, Oppenheim FG. Saliva and dental pellicle-a review. Adv
Dent Res 2000;14:22–8.
[43] Haward SJ, Odell JA, Berry M, Hall T. Extensional rheology of human saliva. Rheol
Acta 2011;50:869–79.
[44] Adamczak MI, Martinsen ØG, Smistad G, Hiorth M. Water sorption properties of
HM-pectin and liposomes intended to alleviate dry mouth. Int J Pharm 2016;506:
201–6.
[45] Glantz P-O. Interfacial phenomena in the oral cavity. Colloids Surf A Physicochem
Eng Asp 1997;123–124:657–70.
[46] Schwarz WH. The rheology of saliva. J Dent Res 1987;66:660–6.
[47] Wickström C, Christersson C, Davies JR, Carlstedt I. Macromolecular organization of
saliva: identiﬁcation of ‘insoluble’ MUC5B assemblies and non-mucin proteins in
the gel phase. Biochem J 2000;351:421–8.
[48] Wickström C, Davies JR, Eriksen GV. Veerman EcI, Carlstedt I. MUC5B is a major gel-
forming, oligomeric mucin from human salivary gland, respiratory tract and
endocervix: identiﬁcation of glycoforms and C-terminal cleavage. Biochem J
1998;334:685–93.
[49] Wagner CE, GH McKinley. Age-dependent capillary thinning dynamics of
physically-associated salivary mucin networks. In Prep 2016;1309:1–44.
[50] Meldrum OW, Yakubov GE, Bonilla MR, Deshmukh O, McGuckin MA, Gidley MJ.
Mucin gel assembly is controlled by a collective action of non-mucin proteins, di-
sulﬁde bridges, Ca2+−mediated links, and hydrogen bonding. Sci Rep 2018;8:
5802.
[51] RykkeM, Smistad G, Rölla G, Karlsen J. Micelle-like structures in human saliva. Col-
loids Surf B: Biointerfaces 1995;4:33–44.
[52] Rolla G, Rykke M. Evidence for presence of micelle-like protein globules in human
saliva. Colloids Surf B: Biointerfaces 1994;3:177–82.
[53] Young A. Co-aggregation of micelle-like globules from human submandibular/sub-
lingual and parotid saliva. Colloids Surf B: Biointerfaces 1999;13:241–9.
[54] Soares RV, Lin T, Siqueira CC, Bruno LS, Li X, Oppenheim FG, et al. Salivary micelles:
identiﬁcation of complexes containingMG2, sIgA, lactoferrin, amylase, glycosylated
proline-rich protein and lysozyme. Arch Oral Biol 2004;49:337–43.
12 A. Sarkar et al. / Advances in Colloid and Interface Science 273 (2019) 102034[55] Bansil R, Turner BS. Mucin structure, aggregation, physiological functions and bio-
medical applications. Curr Opin Colloid Interface Sci 2006;11:164–70.
[56] Kuehner DE, Engmann J, Fergg F, Wernick M, Blanch HW, Prausnitz JM. Lysozyme
net charge and ion binding in concentrated aqueous electrolyte solutions. J Phys
Chem B 1999;103:1368–74.
[57] Adal E, Sadeghpour A, Connell S, Rappolt M, Ibanoglu E, Sarkar A. Heteroprotein
complex formation of bovine lactoferrin and pea protein isolate: a multiscale struc-
tural analysis. Biomacromolecules 2017;18:625–35.
[58] Stokes JR, Davies GA. Viscoelasticity of human whole saliva collected after acid and
mechanical stimulation. Biorheology 2007;44:141–60.
[59] Glumac M, Qin L, Chen J, Ritzoulis C. Saliva could act as an emulsiﬁer during oral
processing of oil/fat. J Texture Stud 2019;50:83–9.
[60] Bhat PP, Appathurai S, Harris MT, Pasquali M, McKinley GH, Basaran OA. Formation
of beads-on-a-string structures during break-up of viscoelastic ﬁlaments. Nat Phys
2010;6:625–31.
[61] Ranc H, Elkhyat A, Servais C, Mac-Mary S, Launay B, Humbert P. Friction coefﬁcient
and wettability of oral mucosal tissue: changes induced by a salivary layer. Colloids
Surf A Physicochem Eng Asp 2006;276:155–61.
[62] van der Mei HC, White DJ, Busscher HJ. On the wettability of soft tissues in the
human oral cavity. Arch Oral Biol 2004;49:671–3.
[63] Van Oss CJ, Good RJ, Chaudhury MK. Additive and nonadditive surface tension
components and the interpretation of contact angles. Langmuir 1988;4:884–91.
[64] Proctor GB. The physiology of salivary secretion. Periodontology 2016;70:11–25
2000.
[65] Ash A, Burnett GR, Parker R, Ridout MJ, Rigby NM, Wilde PJ. Structural characteri-
sation of parotid and whole mouth salivary pellicles adsorbed onto DPI and
QCMD hydroxyapatite sensors. Colloids Surf B: Biointerfaces 2014;116:603–11.
[66] Gittings S, Turnbull N, Henry B, Roberts CJ, Gershkovich P. Characterisation of
human saliva as a platform for oral dissolution medium development. Eur J
Pharm Biopharm 2015;91:16–24.
[67] Proctor GB, Hamdan S, Carpenter GH, Wilde P. A statherin and calcium enriched
layer at the air interface of human parotid saliva. Biochem J 2005;389:111–6.
[68] Prinz JF, de Wijk RA, Huntjens L. Load dependency of the coefﬁcient of friction of
oral mucosa. Food Hydrocoll 2007;21:402–8.
[69] Takehara S, Yanagishita M, Podyma-Inoue KA, Kawaguchi Y. Degradation of MUC7
and MUC5B in human saliva. PLoS One 2013;8:1–9.
[70] Veerman ECI, Keybus PAM, Vissink A, Amerongen AVN. Human glandular salivas:
their separate collection and analysis. Eur J Oral Sci 1996;104:346–52.
[71] Yuan B, Ritzoulis C, Chen J. Extensional and shear rheology of okra polysaccharides
in the presence of artiﬁcial saliva. npj Sci Food 2018;2:20.
[72] Gal JY, Fovet Y, Adib-Yadzi M. About a synthetic saliva for in vitro studies. Talanta
2001;53:1103–15.
[73] Leung VWH, Darvell BW. Calcium phosphate system in saliva-like media. J Chem
Soc Faraday Trans 1991;87:1759–64.
[74] Morell P, Chen J, Fiszman S. The role of starch and saliva in tribology studies and the
sensory perception of protein-added yogurts. Food Funct 2017;8:545–53.
[75] Pytko-Polonczyk JJ, Jakubik A, Przeklasa-Bierowiec A, Muszynska B. Artiﬁcial saliva
and its use in biological experiments. J Physiol Pharmacol 2017;68:807–13.
[76] Leung VWH, Darvell BW. Artiﬁcial salivas for in vitro studies of dental materials. J
Dent 1997;25:475–84.
[77] Silletti E, Vingerhoeds MH, Norde W, van Aken GA. The role of electrostatics in
saliva-induced emulsion ﬂocculation. Food Hydrocoll 2007;21:596–606.
[78] Silletti E, Vingerhoeds MH, NordeW, van Aken GA. Complex formation in mixtures
of lysozyme-stabilized emulsions and human saliva. J Colloid Interface Sci 2007;
313:485–93.
[79] VingerhoedsMH, Silletti E, de Groot J, Schipper RG, van Aken GA. Relating the effect
of saliva-induced emulsion ﬂocculation on rheological properties and retention on
the tongue surface with sensory perception. Food Hydrocoll 2009;23:773–85.
[80] Vingerhoeds MH, Blijdenstein TBJ, Zoet FD, Van Aken GA. Emulsion ﬂocculation in-
duced by saliva and mucin. Food Hydrocoll 2005;19:915–22.
[81] Raynal BDE, Hardingham TE, Thornton DJ, Sheehan JK. Concentrated solutions of
salivary MUC5B mucin do not replicate the gel-forming properties of saliva.
Biochem J 2002;362:289–96.
[82] Offner GD, Troxler RF. Heterogeneity of high-molecular-weight human salivary
mucins. Adv Dent Res 2000;14:69–75.
[83] Dekker J, Rossen JWA, Büller HA, Einerhand AWC. The MUC family: an obituary.
Trends Biochem Sci 2002;27:126–31.
[84] Sa Rayment, Liu B, Offner GD, Oppenheim FG, Troxler RF. Immunoquantiﬁcation of
human salivarymucins MG1 andMG2 in stimulated whole saliva: factors inﬂuenc-
ing mucin levels. J Dent Res 2000;79:1765–72.
[85] Perez-vilar J, Hill RL. The structure and assembly of secreted mucins. Biochemistry
1999;274:31751–4.
[86] Authimoolam SP, Dziubla TD. Biopolymeric mucin and synthetic polymer analogs:
their structure, function and role in biomedical applications. Polymers 2016;8.
[87] Mall AS, Habte H, Mthembu Y, Peacocke J, De Beer C. Mucus and mucins: do they
have a role in the inhibition of the human immunodeﬁciency virus? Virol J
2017;14:1–14.
[88] Svensson O, Arnebrant T. Mucin layers and multilayers - physicochemical proper-
ties and applications. Curr Opin Colloid Interface Sci 2010;15:395–405.
[89] Lee S. Sticky and slippery: interfacial forces of mucin and mucus gels. In: Spencer
ND, editor. Aqueous Lubrication: Natural and Biomimetic Approaches. Singapore:
World Scientiﬁc Publishing Co. Pte. Ltd; 2014. p. 33–71.
[90] Al-Hashimi I, Levine MJ. Characterization of in vivo salivary-derived enamel pelli-
cle. Arch Oral Biol 1989;34:289–95.
[91] Biesbrock AR, Bobek LA, Levine MJ. MUC7 gene expression and genetic polymor-
phism; 1997; 1.[92] Thornton DJ, Khan N, Mehrotra R, Howard M, Veerman E, Packer NH, et al. Salivary
mucin MG1 is comprised almost entirely of different glycosylated forms of the
MUC5B gene product, 9; 1998; 293–302.
[93] Xu D, Pavlidis P, Taskent RO, Alachiotis N, Flanagan C, DeGiorgio M, et al. Archaic
hominin introgression in Africa contributes to functional salivary MUC7 genetic
variation. Mol Biol Evol 2017;34:2704–15.
[94] Ka Thomsson, Prakobphol A, Lefﬂer H, ReddyMS, Levine MJ, Fisher SJ, et al. The sal-
ivary mucin MG1 (MUC5B) carries a repertoire of unique oligosaccharides that is
large and diverse. Glycobiology 2002;12:1–14.
[95] Bennett EP, Mandel U, Clausen H, Gerken TA, Fritz TA, Tabak LA. Control of mucin-
type O-glycosylation: a classiﬁcation of the polypeptide GalNAc-transferase gene
family. Glycobiology 2012;22:736–56.
[96] Lindh L, Glantz PO, Carlstedt I, Wickström C, Arnebrant T. Adsorption of MUC5B
and the role of mucins in early salivary ﬁlm formation. Colloids Surf B:
Biointerfaces 2002;25:139–46.
[97] Park MS, Chung JW, Kim YK, Chung SC, Kho HS. Viscosity and wettability of animal
mucin solutions and human saliva. Oral Dis 2007;13:181–6.
[98] Sandberg T, Carlsson J, Ott MK. Mucin coatings suppress neutrophil adhesion to a
polymeric model biomaterial. Microsc Res Tech 2007;70:864–8.
[99] Sandberg T, Blom H, Caldwell KD. Potential use of mucins as biomaterial coatings. I.
Fractionation, characterization, and model adsorption of bovine, porcine, and
human mucins. J Biomed Mater Rest A 2009;91:762–72.
[100] Bettelheim FA, Hashimoto Y, PigmanW. Light-scattering studies of bovine submax-
illary mucin. Biochim Biophys Acta 1962;63:235–42.
[101] Tsuji T, Osawa T. Carbohydrate structures of bovine submaxillarymucin. Carbohydr
Res 1986;151:391–402.
[102] Schömig VJ, Käsdorf BT, Scholz C, Bidmon K, Lieleg O, Berensmeier S. An optimized
puriﬁcation process for porcine gastric mucin with preservation of its native func-
tional properties. RSC Adv 2016;6:44932–43.
[103] Proust JE, Baszkin A, Perez E, Boissonnade MM. Bovine submaxillary mucin (BSM)
adsorption at solid/ liquid interfaces and surface forces. Colloids Surf A
Physicochem Eng Asp 1984;10:43–52.
[104] Celli J, Gregor B, Turner B, Afdhal NH, Bansil R, Erramilli S. Viscoelastic
properties and dynamics of porcine gastric mucin. Biomacromolecules 2005;6:
1329–33.
[105] Perez E, Proust JE. Forces between mica surfaces covered with adsorbed mucin
across aqueous solution. J Colloid Interface Sci 1987;118:182–91.
[106] Durrer C, Irache JM, Duchene D, Ponchel G. Mucin interactions with functionalized
polystyrene latexes. J Colloid Interface Sci 1995;170:555–61.
[107] Lee S. Characterization of lubricity of mucins at polymeric surfaces for biomedical
applications. World Acad Sci Eng Technol 2013;75:1094–9.
[108] Znamenskaya Y, Sotres J, Engblom J, Arnebrant T, Kocherbitov V. Effect of hydration
on structural and thermodynamic properties of pig gastric and bovine submaxillary
gland mucins. J Phys Chem B 2012;116:5047–55.
[109] Lee S, Müller M, Rezwan K, Spencer ND. Porcine gastric mucin (PGM) at the water/
poly(dimethylsiloxane) (PDMS) interface: inﬂuence of pH and ionic strength on its
conformation, adsorption, and aqueous lubrication properties. Langmuir 2005;21:
8344–53.
[110] Yakubov GE, Papagiannopoulos A, Rat E, Easton RL, Waigh TA. Molecular structure
and rheological properties of short-side-chain heavily glycosylated porcine stom-
ach mucin. Biomacromolecules 2007;8:3467–77.
[111] Ahn J, Crouzier T, Ribbeck K, Rubner MF, Cohen RE. Tuning the properties of mucin
via layer-by-layer assembly. Biomacromolecules 2015;16:228–35.
[112] Nikogeorgos N, Madsen JB, Lee S. Inﬂuence of impurities and contact scale on the
lubricating properties of bovine submaxillary mucin (BSM) ﬁlms on a hydrophobic
surface. Colloids Surf B: Biointerfaces 2014;122:760–6.
[113] Sandberg T, Ott MK, Carlsson J, Feiler A, Caldwell KD. Potential use of mucins as bio-
material coatings. II. Mucin coatings affect the conformation and neutrophil-
activating properties of adsorbed host proteins - toward amucosalmimic. J Biomed
Materi Res A 2009;91:773–85.
[114] Madsen JB, Sotres J, Pakkanen KI, Eﬂer P, Svensson B, Abou Hachem M, et al. Struc-
tural and mechanical properties of thin ﬁlms of bovine submaxillary mucin versus
porcine gastric mucin on a hydrophobic surface in aqueous solutions. Langmuir
2016;32:9687–96.
[115] Madsen JB, Pakkanen KI, Duelund L, Svensson B, Hachem MA, Lee S. A simpliﬁed
chromatographic approach to purify commercially available bovine submaxillary
mucins (bsm). Prep Biochem Biotechnol 2015;45:84–99.
[116] Crouzier T, Boettcher K, Geonnotti AR, Kavanaugh NL, Hirsch JB, Ribbeck K, et al.
Modulating mucin hydration and lubrication by deglycosylation and polyethylene
glycol binding. Adv Mater Interfaces 2015;2:1–7.
[117] Shi L, Caldwell KD. Mucin adsorption to hydrophobic surfaces. J Colloid Interface Sci
2000;224:372–81.
[118] Feiler AA, Sahlholm A, Sandberg T, Caldwell KD. Adsorption and viscoelastic
properties of fractionated mucin (BSM) and bovine serum albumin (BSA) studied
with quartz crystal microbalance (QCM-D). J Colloid Interface Sci 2007;315:
475–81.
[119] Hahn Berg IC, Lindh L, Arnebrant T. Intraoral lubrication of PRP-1, statherin and
mucin as studied by AFM. Biofouling 2004;20:65–70.
[120] Pettersson T, Dedinaite A. Normal and friction forces between mucin and mucin-
chitosan layers in absence and presence of SDS. J Colloid Interface Sci 2008;324:
246–56.
[121] Dedinaite A, Lundin M, Macakova L, Auletta T. Mucin-chitosan complexes at the
solid-liquid interface: Multilayer formation and stability in surfactant solutions.
Langmuir 2005;21:9502–9.
[122] Bloomﬁeld VA. Hydrodynamic properties of mucous glycoproteins. Biopolymers
1983;22:2141–54.
13A. Sarkar et al. / Advances in Colloid and Interface Science 273 (2019) 102034[123] Zappone B, Patil NJ, Madsen JB, Pakkanen KI, Lee S.Molecular structure and equilib-
rium forces of bovine submaxillary mucin adsorbed at a solid–liquid interface.
Langmuir 2015;31:4524–33.
[124] Lori JA, Ayeni MB, Jasper EE, Ekanem EJ. Kinetic study of the adsorption of mucin
onto titanium surface. Res J Appl Sci Eng Technol 2011;3:792–7.
[125] Cohen Stuart MA, Hoogendam CW, De Keizer A. Kinetics of polyelectrolyte adsorp-
tion. J Phys Condens Matter 1997;9:7767–83.
[126] Gibbins HL, Yakubov GE, Proctor GB, Wilson S, Carpenter GH. What interactions
drive the salivary mucosal pellicle formation? Colloids Surf B: Biointerfaces
2014;120:184–92.
[127] Macakova L, Yakubov GE, Plunkett MA, Stokes JR. Inﬂuence of ionic strength
changes on the structure of pre-adsorbed salivary ﬁlms. A response of a natural
multi-component layer. Colloids Surf B: Biointerfaces 2010;77:31–9.
[128] Selway N, Stokes JR. Soft materials deformation, ﬂow, and lubrication between
compliant substrates: Impact on ﬂow behavior, mouthfeel, stability, and ﬂavor.
Annu Rev Food Sci Technol 2014;5:373–93.
[129] Svendsen IE, Lindh L, Elofsson U, Arnebrant T. Studies on the exchange of early pel-
licle proteins by mucin and whole saliva. J Colloid Interface Sci 2008;321:52–9.
[130] Svendsen IE, Lindh L. The composition of enamel salivary ﬁlms is different from the
ones formed on dental materials. Biofouling 2009;25:255–61.
[131] Harvey NM, Yakubov GE, Stokes JR, Klein J. Lubrication and load-bearing properties
of human salivary pellicles adsorbed ex vivo on molecularly smooth substrata. Bio-
fouling 2012;28:843–56.
[132] Jahn S, Klein J. Hydration lubrication: the macromolecular domain. Macromole-
cules 2015;48:5059–75.
[133] Harvey NM, Yakubov GE, Stokes JR, Klein J. Normal and shear forces between sur-
faces bearing porcine gastric mucin, a high-molecular-weight glycoprotein.
Biomacromolecules 2011;12:1041–50.
[134] de Wijk RA, Prinz JF. The role of friction in perceived oral texture. Food Qual Prefer
2005;16:121–9.
[135] Watrelot AA, Kuhl TL. Waterhouse AL. Food Research International: Friction forces
of saliva and red wine on hydrophobic and hydrophilic surfaces; 2018.[136] Lindh L, Glantz PO, Isberg PE, Arnebrant T. An in vitro study of initial adsorption
from human parotid and submandibular/sublingual resting saliva at solid/liquid in-
terfaces. Biofouling 2001;17:227–39.
[137] Hahn Berg IC, Lindh L, Arnebrant T. Intraoral lubrication of PRP-1, statherin and
mucin as studied by AFM. Biofouling 2004;20:65–70.
[138] Decher G, Schlenoff JB. Multilayer thin ﬁlms: Sequential assembly of nanocompos-
ite materials: second edition. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co.
KGaA; 2012.
[139] Burke SE, Barrett CJ. pH-responsive properties of multilayered poly(L-lysine)/
hyaluronic acid surfaces. Biomacromolecules 2003;4:1773–83.
[140] Petrou G, Crouzier T. Mucins as multifunctional building blocks of biomaterials.
Biomater Sci 2018;6:2282–97.
[141] Pradal C, Stokes JR. Oral tribology: bridging the gap between physical measure-
ments and sensory experience. Curr Opin Food Sci 2016;9:34–41.
[142] Silletti E, Vingerhoeds MH, Van Aken GA, Norde W. Rheological behavior of food
emulsions mixed with saliva: effect of oil content, salivary protein content, and sa-
liva type. Food Biophys 2008;3:318–28.
[143] Ben-Aryeh H, Shalev A, Szargel R, Laor A, Laufer D, Gutman D. The salivary ﬂow rate
and composition of whole and parotid resting and stimulated saliva in young and
old healthy subjects. Biochem Med Metabol Biol 1986;36:260–5.
[144] Proctor GB, Carpenter GH. Salivary secretion: mechanism and neural regulation;
2014; 14–29.
[145] Muddugangadhar B, Sangur R, Rudraprasad I, Nandeeshwar D, Dhanya Kumar B. A
clinical study to compare between resting and stimulated whole salivary ﬂow rate
and pH before and after complete denture placement in different age groups. J Ind
Prosthodont Soc 2015;15:356.
[146] Bettelheim FA, Dey SK. Molecular parameters of submaxillary mucins. Arch
Biochem Biophys 1965;109:259–65.
[147] Wiedmann TS, LiangW, Herrington H. Interaction of bile salts with gastrointestinal
mucins. Lipids 2004;39:51–8.
